Porous Al-5 mass%Ti alloy was fabricated by unidirectional solidification in hydrogen atmosphere, using a continuous casting technique. The porous Al-Ti alloy was prepared at different transfer (solidification) velocities, and the effect of transfer velocity on the pore morphology was investigated. It was found that the pore shape changes with increasing transfer velocity, while the porosity does not change with increasing transfer velocity. In the case of a low transfer velocity (0.5 mmÁmin À1 ), elongated pores surrounded by the columnar microstructure are formed, which indicates that the pores grow along the solidification direction together with the solid phase. In the case of a middle transfer velocity (5.0 mmÁmin À1 ), elongated pores surrounded by the columnar microstructure and needle or plate-like Al 3 Ti alloys are formed. In the case of a high transfer velocity (10.0 mmÁmin À1 ), spherical pores surrounded by the equiaxed microstructure are formed, because the primary crystals formed in the solidification front prevent the growth of elongated pores. It is suggested that the pore morphology is closely related with the solidification rate.
Introduction
Porous metals have gathered much interest because they exhibit a variety of unique properties such as light-weight, energy absorption, fluid permeability, and sound absorption.
1) Therefore, their fabrication process and various properties have been widely studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] In particular, aluminum foams with spherical or isotropic pores, whose porosity exceeds 80%, have been studied intensively, because they exhibit superior light-weight properties originating from the intrinsic light-weight properties of aluminum matrix. [1] [2] [3] However, conventional aluminum foams have a disadvantage that their mechanical strength is rather low, because large stress concentration occurs in thin walls around the spherical pores under mechanical loadings. Therefore, controlling the pores shape and morphology is very important to enhance their mechanical properties.
Recently, porous metals whose cylindrical pores are oriented in one direction have attracted much attention. [4] [5] [6] [7] [8] [9] Shapovalov first fabricated porous metals with directional pores from the viewpoint of applicability to functional materials. 9) Such porous metals are known as lotus-type porous metals (lotus metals) 8) or gasar metals. 9) The mechanical properties along the orientation direction of pores of lotus metals are much superior to those of metal foams with spherical or isotropic pores, 1, 7) because the stress concentration hardly occurs under loadings along the orientation direction. Therefore, lotus metals are expected to be used not only as functional materials but also as lightweight structural materials. 8) In general, lotus metals are fabricated by the unidirectional solidification of melt with a dissolved hydrogen, utilizing a hydrogen solubility gap between solid and liquid metal. In a pressurized gas method, 8) a metal is melted in hydrogen atmosphere so that hydrogen is dissolved in the melt. Then, the melt containing hydrogen is solidified unidirectionally. During the unidirectional solidification, hydrogen insoluble in the solid is rejected at the solid/liquid interface. The rejected hydrogen forms pores, which grow along the solidification direction. Using this fabrication process, various kinds of lotus metals have been fabricated.
In order to control the pore shape and homogeneity, the pore formation and growth mechanisms have been studied in various lotus metals and alloys. [10] [11] [12] In particular, in Al-Si and Al-Cu alloy systems with eutectic solidification, the pore formation and growth behaviors have been investigated. 13, 14) It should be noted that it is difficult to fabricate lotus Al alloys, with high porosity because the hydrogen solubility gap in Al alloys is rather low compared with that in other metals such as copper, iron and nickel. [10] [11] [12] However, previous research efforts have clarified that the pore formation and growth are strongly affected by the solidification process of matrix metal; the formation of equiaxed crystals prevents the growth of pores elongated along the solidification direction, while cylindrical pores can grow along the solidification direction when columnar crystals are formed during the solidification. On the other hand, in alloys with other solidification processes such as peritectic and monotectic solidification, the pore formation and growth behaviors have not been clarified yet. In order to understand the pore formation in lotus metals systematically, the relationship between the pore formation and solidification process should be clarified in alloys with various solidification processes.
In this study, we focus to elucidate the pore formation mechanism in an Al-Ti alloy with peritectic solidification, which has not been investigated yet. Porous Al-5 mass%Ti alloy was fabricated by the unidirectional solidification in a hydrogen atmosphere, using a continuous casting technique. The porous Al-Ti alloy was prepared at different transfer (solidification) velocities, and the effect of transfer velocity on the pore morphology was examined. In comparison, porous pure Al with directional pores (lotus Al) was prepared using the same continuous casting technique. By comparing the pore morphology of porous Al-Ti alloy with that of porous Al, the effect of peritectic solidification process on the pore morphology was discussed.
Experimental Procedure
Al-5 mass%Ti (Fukuoka Alumi Industry Co. Ltd., Fukuoka, Japan), whose composition is shown in Table 1 , was used as raw material. Using the raw material ingots, porous Al-Ti alloy was prepared by the continuous casting in a hydrogen atmosphere as follows. 8, 10) Figure 1 shows the apparatus used for the continuous casting of porous Al-Ti alloy. First, raw material ingots of Al-Ti alloy were melted at 1673 K in the graphite crucible by high frequency induction heating in a hydrogen gas atmosphere of 0.10 MPa. After the melting, the melt was held for 600 s so that hydrogen is dissolved homogeneously in the melt. Then, the dummy bar was pulled downward by the pinch rollers, and the melt was solidified unidirectionally through the cooled mold whose cross-section was 10 Â 30 mm 2 . During the unidirectional solidification of melt containing hydrogen, the hydrogen insoluble in the solid is rejected at the solid/ liquid interface, and the rejected hydrogen forms pores. As a result, a porous ingot can be prepared. To examine the effect of solidification velocity on the pore morphology, the transfer velocity of dummy bar (V), which corresponds to the solidification velocity, was set to be 0.5, 5.0 or 10.0 mmÁmin À1 and three kinds of porous ingots were prepared. Additionally, porous Al was prepared in a hydrogen gas atmosphere of 0.10 MPa using the same continuous casting technique for comparison. Three kinds of porous Al ingots were prepared at three transfer velocities of 0.5, 5.0 and 10.0 mmÁmin À1 as is the case with porous Al-Ti alloy. The composition of pure Al (Sumitomo Chemical Co. Ltd., Tokyo, Japan) used as raw materials is shown in Table 2 .
The pore morphology of prepared porous ingots was analyzed as follows. First, the porous Al-Ti ingots were cut out by a spark-erosion wire cutting machine (LN1W, Sodick Co. Ltd., Yokohama, Japan) in the directions parallel and perpendicular to the solidification direction. The crosssections were polished with emery papers and etched by a HF solution for 90 s at room temperature. The microstructures and pore morphologies of cross-sections were observed with an optical microscope (Dp12, Olympus, Tokyo, Japan). In the cross-sections perpendicular to the solidification direction, the pore diameter, D, was measured by an image analyzer (Win ROOF, Mitani Corp., Fukui, Japan). In the cross-sections parallel to the solidification direction, the aspect ratio of pores, L=W, was calculated from the length (L) and width (W) of pores, where the number of pores analyzed in each cross-section was larger than 10. Hereinafter, the cross-section perpendicular and parallel to the transfer direction are referred to as ''perpendicular cross-section'' and ''parallel cross-section'', respectively. The porosity was calculated from the relative density of each prepared porous ingot. The pore morphologies of porous Al ingots were analyzed as in the case of porous Al-Ti alloy.
The phase constitutions in the prepared porous Al-Ti alloy ingots were analyzed by X-ray diffraction (XRD, RINT2000, Rigaku, Tokyo, Japan). The spatial distribution of Al and Ti elements in the matrix of porous Al-Ti alloy ingots was also analyzed by an electron probe micro analyzer (EPMA, JXA-8800/8900, Jeol, Tokyo, Japan). The concentration of Ti element in the prepared porous ingots was analyzed by EPMA area mapping, where the dimensions of analyzed area were 1 Â 1 mm 2 . Figure 2 shows the pore morphologies of porous Al-Ti alloy prepared at different transfer velocities, where the (a) perpendicular and (b) parallel cross-sections were observed. In the perpendicular cross-sections, the pore shapes are almost circular, being independent of the transfer velocity. On the other hand, in the parallel cross-sections, the pore shapes change with increasing transfer velocity. The directional pores elongated along the transfer direction are formed in the case of 0.5 and 5.0 mmÁmin À1 , while the spherical pores are formed in the case of 10.0 mmÁmin À1 . Figure 3 shows the pore morphologies of porous Al ingots prepared at three different transfer velocities, where the (a) perpendicular and (b) parallel cross-sections were observed. In the perpendicular cross-sections the pore shapes are almost circular being independent of the transfer velocity, as with the result of porous Al-Ti alloy. The pore diameter becomes small with increasing transfer velocity, which is different from the case of the porous Al-Ti alloy. It is to be noted that the pore sizes in porous Al of 0.5 mmÁmin À1 are much larger than those of porous Al-Ti alloy of 0.5 mmÁmin À1 . In the parallel cross-sections, the directional pores elongated along the transfer direction are formed in all the transfer velocities, although the pore shapes are somewhat irregular in the case of 0.5 mmÁmin À1 . Figure 4 shows the aspect ratio of pores (L=W) as a function of transfer velocity for (a) porous Al-Ti alloy and (b) porous Al; the aspect ratio was evaluated from the microphotographs of the parallel cross-sections. In the case of porous Al-Ti alloy for V ¼ 0:5 and 5.0 mmÁmin À1 , the aspect ratio is larger than one, but exhibits large variation. On the other hand, in the case of 10.0 mmÁmin À1 the aspect ratio is almost equal to one, that is, the most of pores are spherical. In the case of porous Al, the aspect ratios for the both transfer velocities exceed one and are relatively larger than those of porous Al-Ti alloy. Optical microscope observations and measurements of aspect ratio of pores indicate that the effect of transfer velocity on the pore morphology is clearly different between porous Al-Ti alloy with peritectic solidification and Al with simple solidification process. Figure 5 (a) shows the porosity as a function of the transfer velocity for porous Al-Ti alloy and porous Al, where (b) the porosity values of porous Al-18 mass%Si 13) and porous Al-33 mass%Cu alloys with directional pores 14) prepared by the same continuous casting technique under hydrogen pressure of 0.1 MPa are shown for comparison. The porosity of porous Al, Al-Si and Al-Cu alloys with eutectic solidification drastically decreases with increasing transfer velocity, although their porosity values are different among the alloy systems. In contrast, the porosity of porous Al-Ti alloy is almost constant being independent of the transfer velocity. Figure 6 shows the microstructures of the (a) perpendicular and (b) parallel cross-sections of porous Al-Ti alloy prepared at different tansfer velocities V. In the case of V ¼ 0:5 mmÁmin À1 , the pores are surrounded by columnar peritectic microstructure as shown in the parallel crosssection, where the light gray and dark gray regions in the matrix correspond to -Al and Al 3 Ti phases, respectively. Additinally, the precipites indicated by the arrows are observed and they are localized in the matrix. In the case of V ¼ 5:0 mmÁmin À1 , the pores are surrounded by the peritectic microstructure which is fine compared with that of V ¼ 0:5 mmÁmin À1 . Another feature is that the needle or plate-like precipitates are oriented along the transfer direction. When the transfer velocity is 10.0 mmÁmin À1 , the pores are surrounded by the equiaxed peritectic microstructure. The peritectic microstructure is the finest among the three transfer velocities, which is consistent with a gereral relationship between the microstructure and solidification velocity. 15, 16) The precipitates indicated by the arrow are also finest and distributed homogeneously in the matrix. 17) EPMA and XRD measurements were performed to identify the precipitates. Figure 7 shows the EPMA element mapping of Al and Ti in the matrix of the parallel crosssections of porous Al-Ti alloy prepared at different transfer velocities. The composition of precipitates is much different from that of the other regions. Regardless of transfer velocity, the precipitates consist of the Al-poor regions in the Almapping and Ti-rich regions in the Ti-mapping, that is, the concentration of Ti in the precipitates is higher than that in the other region. Table 3 shows the average concentration of Ti in the whole matrix, which was analyzed by the area mapping. The values of concentration are close to the nominal concentration of 5 mass%. Figure 8 shows the XRD patterns from the perpendicular cross-sections of porous Al-Ti alloy prepared at different transfer velocities. Regardless of transfer velocity, the peaks from Al 3 Ti and -Al phase, which are equilibrium phases in this alloy composition, 18) are detected; the peaks from -Al phase are not detected in the case of 0.5 mmÁmin À1 , which is possibly due to the strong columnar texture formed by the unidirectional solidification. Because the precipitates have Ti-rich and Al-poor composition as indicated by EPMA analysis, they can be identified as Al 3 Ti phase.
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Discussion
Effect of transfer velocity on porosity
When a porous metal is fabricated by the unidirectional solidification in a hydrogen atmosphere, the porosity mainly depends on the amount of hydrogen rejected at the solid/ liquid interface during the solidification. The amount of rejected hydrogen corresponds to the hydrogen solubility gap between the solid and liquid phases. 8) Thus, the hydrogen solubility gap is a dominant factor for the porosity value, and the transfer velocity hardly affects the porosity when the hydrogen solubility gap is large. 10) However, in Al, Al-Si and Al-Cu alloy systems with a low hydrogen solubility gap, the porosity drastically decreases with increasing transfer velocity. This is because the rejected hydrogen does not have enough time to diffuse into pores at high transfer velocity, while the rejected hydrogen at the solid/liquid interface can diffuse into pores at a low transfer velocity. 13, 14, [19] [20] [21] [22] [23] In the present porous Al-Ti alloys with peritectic solidification, the porosity is almost constant despite the increase in the transfer velocity. In peritectic solidification, many primary crystals are formed in the solidification front. Importantly, the primary crystals are more easily formed at high transfer velocity. 15, 16) The formed primary crystals possibly suppresses the decrease in the porosity at high transfer velocity, because the crystals would suppress the escape of hydrogen from the solid/liquid interface. As a result, in porous Al-Ti alloy, the porosity possibly does not decrease at high transfer velocity.
Correlation between pore formation mechanism
and solidification process Figure 9 shows a schematic illustration showing the pore formation process in Al-Ti alloy solidified unidirectionally at different transfer velocities in a hydrogen atmosphere. In the case of V ¼ 0:5 mmÁmin À1 , columnar crystals grow along the solidification direction, and thus, the pores can grow unidirectionally together with them, where the solidification direction is in the opposite direction of the transfer direction. The Al 3 Ti phase is limited to a particular localized region. Thus, it does not suppress the growth of elongated pores in the other region. Therefore, the elongated pores whose aspect ratios are larger than one can be formed. The columnar crystals probably prevent the lateral growth of pores, and thus, the pore sizes in porous Al-Ti alloy are smaller than those of porous Al. In the case of 5.0 mmÁmin À1 , the both fine columnar crystals and needle or plate-like Al 3 Ti phases grow along the solidification direction and the pores grow unidirectionally together with them. Thus, the pores can easily grow along the solidification direction, although the aspect ratios of pores are smaller than those of porous Al with simple solidification process. In the case of 10.0 mmÁmin À1 , many primary -Al crystals are formed in the solidification front (mushy zone), which prevent the growth of pores elongated along the solidification direction. Thus, only the spherical pores with small aspect ratios are formed. This pore formation mechanism is completely different from the mechanism that in porous Al the elongated pores with higher aspect ratios are formed at the solid/liquid interface, where mushy zone does not appear.
Conclusions
Porous Al-5 mass%Ti alloy was prepared at different transfer (solidification) velocities using a continuous casting technique in a hydrogen atmosphere, and the effect of transfer velocity on the pore morphology was investigated. It was found that the porosity does not change with increasing transfer velocity. In the case of a low transfer velocity (0.5 mmÁmin À1 ), elongated pores surrounded by the columnar microstructure are formed, which indicates that the pore grow along the solidification direction together with the solid phase. In the case of a middle transfer velocity (5.0 mmÁmin À1 ), elongated pores surrounded by the columnar microstructure and needle or plate-like Al 3 Ti alloy are formed. In the case of high transfer velocity (10.0 mmÁmin À1 ), spherical pores surrounded by the equiaxed microstructure are formed, because the primary crystals formed in the solidification front prevent the growth of elongated pores.
